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The Crystal Structure of the UvsW Helicase
from Bacteriophage T4
This high rate of DNA synthesis is mostly achieved
by a very efficient replicative process that involves two
different initiation mechanisms (Luder and Mosig, 1982).
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The initiation stage of T4 RDR involves a recombinationSummary
reaction in which a single-stranded 3 end of T4 DNA
invades a homologous region of DNA to generate a so-In bacteriophage T4, the WXY system repairs DNA
damage by a process that involves homologous re- called “displacement” (D) loop. The T4 replication ma-
chinery is then assembled within the D loop, with thecombination. This system comprises three proteins,
the RecA-like recombination protein UvsX, a recombi- invading 3 end serving as the new primer for leading-
strand replication and the invaded homolog as the repli-nation mediator protein UvsY, and a helicase UvsW.
Here we report the 2.0 A˚ resolution crystal structure cation template (Kreuzer and Morrical, 1994). T4 RDR
thereby overcomes the problem of unreplicated 3 endsof the N-terminal two domains of the UvsW helicase
(UvsWNF; residues 1–282). The structure reveals a typ- resulting from the universal 5 to 3 directionality of poly-
merases. Initiation by this mechanism occurs at randomical helicase RecA-like domain linked to a small
N-terminal / domain that likely binds the nucleic locations within the genome (the random genome ends),
resulting in a concatemeric and branched network ofacid substrate. The missing C-terminal portion of
UvsW almost certainly corresponds to the second DNA in the infected cell. Packaging of the concatemer by
a sequential headful mechanism generates the circularlyRecA-like domain typically found in monomeric heli-
cases. The putative substrate binding domain is permuted and terminally redundant genome within the
T4 virus particles.unique within the known helicase structures, and it
resembles the novel “double-wing” DNA binding do- The T4-encoded proteins UvsW, UvsX, and UvsY, col-
lectively referred to as the WXY system, have centralmain from the phage T4 MotA transcription factor that
mediates the expression of T4 middle genes. The func- roles in T4 homologous recombination reactions. This
was initially revealed by genetic studies in which inacti-tional implications of this homology for the role of
UvsW in T4 DNA metabolism are discussed. vation of any of these three proteins resulted in UV
hypersensitivity, indicating some kind of recombina-
tional repair pathway for UV damage (Conkling andIntroduction
Drake, 1984; Drake and Ripley, 1994). It has since been
established that UvsX and UvsY cooperate to catalyzeBacteriophage T4, a complex virus that infects Esche-
richia coli, has been a valuable system for studying fun- the strand-invasion reaction in T4 recombination pro-
cesses (Yonesaki and Minagawa, 1989; Kodadek et al.,damental processes that occur at the molecular level in
cells. DNA metabolism, in particular replication, is an 1989; Morrical and Alberts, 1990), but the precise role
of UvsW in this pathway is not clear. UvsW is a 55 kDaespecially attractive system to study in T4. Phage DNA
replication is almost completely separated from that of protein, and analysis of its primary structure reveals that
it contains the signature motifs of an SF2 helicase (Hallthe host, with T4 genes encoding all of the required
and Matson, 1999). The helicase functionality has beenproteins at the replication fork. Despite this isolation
confirmed by the detection of DNA-dependent ATPasefrom the host, the fundamental mechanisms that oper-
and branched-DNA-specific unwinding activities, andate at T4 replication forks differ little from those of other
by mutagenesis of a putative active site lysine that de-organisms, and the T4 replicative machinery has been
stroyed the ATP-dependent activity (Carles-Kinch et al.,extensively characterized (Nossal, 1994). A notable fea-
1997). UvsW has now been identified in five T4-like ge-ture of T4 replication is the rate at which it occurs; a
nomes (http://phage.bioc.tulane.edu/), and the se-single infecting 170 kb genome is replicated many times
quences reveal that the helicase is highly conserved,and the resulting progeny DNA is packaged into hun-
consistent with it having a crucial role in phage DNAdreds of virions within 30 min.
metabolism.
Based on the branched-DNA unwinding activity,
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tion reaction during homologous recombination by theogy, Bloomberg School of Public Health, Johns Hopkins University,
Baltimore, Maryland 21205. WXY system. However, it was recently demonstrated
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that UvsW has a second important role in the T4 life Overall Structure of UvsWNF
cycle, mediating the switch from early to late modes of UvsWNF can be divided into two halves (Figure 1), an
T4 replication (Dudas and Kreuzer, 2001). Based on the N-terminal smaller domain comprising residues 1–29
fact that UvsW is expressed at late times and has a and 53–83 with an arginine/aromatic-rich insertion from
helicase activity, a model was proposed in which UvsW residues 30 to 52, followed by a larger domain encom-
unwinds R loops as they are formed at late times and passing residues 92–282. The two halves are connected
thereby prevents them from acting as initiation sites of by a linker region comprising residues 84–91. The distri-
origin-dependent replication. bution of the UvsWNF secondary structure elements
We report here the crystal structure of a large N-ter- within the amino acid sequence is shown in Figure 2,
minal fragment of UvsW in which the predicted C-ter- and the elements from the small and large domains are
minal RecA-like domain has been removed to promote labeled A and B, respectively, to distinguish between
crystallization. The large N-terminal fragment contains the separate folding motifs.
the expected N-terminal RecA-like domain, but it unex- The larger domain has an / structure, and com-
pectedly contains a putative substrate binding domain prises a seven-stranded parallel  sheet flanked by eight
that has not been observed in any of the known helicase  helices. It has the expected RecA fold that has been
structures. Interestingly, this novel domain is structurally found in all the helicase structures that have been stud-
homologous to a unique T4 DNA binding motif that we ied to date. Compared to the original RecA structure
recently characterized (Li et al., 2002). The molecule (Story et al., 1992), the UvsW domain has two additional
also contains a bulky arginine/aromatic-rich loop that  helices at the N terminus, 1B and 2B. However,
is highly conserved and appropriately positioned to in- similar helical additions are also found in the corre-
teract with the nucleic acid substrate. sponding RecA-like domains of the other helicase struc-
tures, with the NS3 RNA helicase from hepatitis C virus
Results being the only exception (Kim et al., 1998). Within the
domain, the typical helicase motifs (Hall and Matson,
Domain Analysis, Crystallization, 1999) are located in the expected locations (Figure 2):
and Structure Analysis SAGKS (SAGRS in the mutated sequence) (motif I or
Although wild-type UvsW could be expressed to high “Walker A”), PTTALTTQ (motif Ia), NDECH (motif II or
levels, it was found to be completely insoluble, and tech- “Walker B”), and SGS (motif III). Overall, this region of the
niques such as low-temperature expression did not re- UvsW structure is very typical for a monomeric helicase.
solve the problem. In the meantime, a mutant inactive The smaller N-terminal domain also has an / struc-
form of UvsW had been generated for functional analysis ture, and consists of five  strands and two  helices.
that contained a lysine to arginine substitution at residue The strands form a single mixed sheet in the topologi-
141 in the essential Walker A motif, and this proved to cal order 3A/4A/2A/1A/5A, and the two  helices
be highly soluble. This K141R mutant version of UvsW are located on one of its surfaces. The interface with
readily formed large crystals, but they diffracted poorly the RecA domain is quite restricted and mainly involves
despite many subsequent attempts to improve the crys- two phenylalanines (10 and 62) located in the 1A-2A
tal quality. Interdomain flexibility that can potentially and 4A-2A turns, respectively. Small domains with
disrupt crystallization has been observed previously in exposed  sheets are quite unusual and often interact
helicases (Caruthers et al., 2000; Story et al., 2001), and with nucleic acids, and a Dali search identified the
we performed limited proteolysis experiments followed C-terminal DNA binding domain of the T4 transcription
by mass spectrometry to identify putative subdomains.
factor MotA (MotCF) as being the closest structural ho-
These experiments revealed a large, stable N-terminal
molog (Figure 3). This is significant because we recently
fragment encompassing residues 1–282 (UvsWNF-141,
determined the crystal structure of MotCF (Li et al., 2002)
hereafter called UvsWNF for convenience), and this was
and showed that it represents a completely novel DNAproduced in large quantities by subcloning and express-
binding motif that we have called the “double wing.”ing the corresponding region of the UvsW gene. UvsWNF
The homology does not encompass the whole MotCFproduced excellent crystals that diffract to 2.0 A˚.
structure; MotCF has six  strands and three  helicesThe structure of the UvsWNF fragment was deter-
in the order , and the UvsW domain sharesmined by multiwavelength anomalous diffraction (MAD)
the C-terminal  motif.methods using a gold (KAu(CN)2) derivative that was
The arginine/aromatic-rich loop is inserted betweenidentified by mass spectrometric analysis. The gold sites
1A and 3A, and is connected to these elements by awere determined from a difference Patterson search,
short -ribbon structure encompassing residues 29–31and the initial experimental electron density map after
and 51–53. The loop has no clearly defined secondarydensity modification was of high quality. The map clearly
structure, but its conformation does suggest a disor-showed the predicted two molecules within the asym-
dered  helix (Figure 4A). It makes few contacts withmetric unit, and noncrystallographic symmetry (NCS)
other regions of UvsWNF and is apparently only visibleaveraging resulted in a much improved electron density
in our crystal structure due to fortuitous intramolecularmap into which the complete UvsWNF sequence could
crystal contacts. The residues in the loop that make itbe built. The initial model was refined to 2.0 A˚ resolution,
so distinctive include arginines 37, 41, 43, 50, and 52,and the validity of the final model was confirmed by a
tyrosines 36 and 44, phenylalanines 38 and 42, trypto-series of simulated annealing omit maps in which ran-
dom regions of the model were deleted. phan 47, and finally glycines 35, 45, and 49 (Figure 2).
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Figure 1. Structure of UvsWNF
(A) Stereoview of a C trace of UvsWNF with every tenth residue labeled and marked with a closed circle ().
(B) Ribbon diagram of UvsWNF showing the labeled secondary structure elements (see Figure 2). The orientation of the molecule is identical
in (A) and (B). The figures were produced using MOLSCRIPT (Kraulis, 1991).
Functional Regions nism, there is an ATP-driven opening and closing of the
domain interface and an associated cyclical binding andThe RecA-like Motor Domains
Structural and sequence data have shown that the non- release of the nucleic acid strand as it traverses the two
domains.hexameric helicases have a common core “motor” com-
prising a pair of RecA-like domains that translocate the To verify that the translocation model is consistent
with our UvsW structure, we superimposed it onto thenucleic acid (Bird et al., 1998). The ATP binding site
is invariably located at the domain interface, and the NS3 RNA helicase structure via their common RecA-like
domains. We identified 94  carbons in the two domainsconserved helicase motifs contribute mainly to this site
but also to the translocating nucleic acid binding region. that could be superimposed with an rmsd of 1.78 A˚.
The NS3 structure has been determined with a boundThe final  strand 7B represents the end of the UvsWNF
structure, and it would connect to the missing C-terminal molecule of single-stranded DNA (Kim et al., 1998), and
the superposition generates not only a model of thedomain that is undoubtedly the second RecA-like do-
main. It has the correct size, and contains appropriately missing UvsW domain but also a model of the complete
UvsW helicase bound to translocating single-strandedlocated sequences corresponding to the helicase motifs
IV (YYVS) and VI (QTIGRVLR). Based on a number of DNA. The result is shown in Figure 5, and it is indeed
consistent with the proposed helicase mechanism. Mosthelicase crystal structures that contain bound nucleic
acid, a model has been proposed for how the paired importantly, helicase motif Ia (PTTALTTQ), which is
known to form part of the translocating DNA bindingRecA-like domains translocate nucleic acid (Bird et al.,
1998; Velankar et al., 1999). According to this mecha- site, is appropriately positioned with respect to the DNA.
Figure 2. Primary Sequence of UvsWNF with
the Aligned Secondary Structure
The sequence is shown in the one letter code
and the numbering matches that of the full-
length protein. The secondary structural ele-
ments are shaded and the intervening loops
are shown as connecting lines. The typical
helicase motifs are shown in bold. Note that
the secondary structure elements are labeled
“A” and “B” within the smaller and larger do-
main, respectively.
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Figure 3. The MotA-like Domain of UvsWNF
(A) Ribbon representation of UvsWNF that consists of a RecA-like motor domain (orange/yellow; residues 84–282) and an N-terminal substrate
recognition domain (blue/green; residues 1–83). Note the location of the arginine/aromatic-rich loop that is inserted into the substrate recognition
domain.
(B) A stereoview showing the structural homology between the UvsW N-terminal substrate recognition domain (blue/green) and the DNA
binding domain of the T4 MotA transcription factor (purple). The figure was produced using MOLSCRIPT (Kraulis, 1991) and rendered with
RASTER3D (Merritt and Bacon, 1997).
In addition, the first two threonines in this motif (166 binds the  phosphate, and the latter binds the essential
Mg2 and also links nucleotide binding to motif III that inand 167) together with two other threonines (211 and
214) form a cluster that can make nonsequence-specific turn couples ATP hydrolysis to the translocating nucleic
acid. The UvsW RecA-like domain has exactly this ar-hydrogen bonding interactions with the DNA phosphate
groups. NS3-ssDNA (Kim et al., 1998) and Rep-ssDNA rangement, and displays a typical nucleotide binding
site. However, in our structure, the essential Walker A(Korolev et al., 1997) costructures have similar clusters
of DNA binding threonines in the same location. lysine (141) has been mutated to arginine, and this has
a very specific affect on the P loop structure that appearsStructural studies on a number of helicases have
shown how nucleotide binds within the conserved to prevent nucleotide binding. Thus, the arginine side
chain enters the P loop, skews it away from its typicalWalker A (motif I) and Walker B (motif II) sequences
(Velankar et al., 1999; Theis et al., 1999; Singleton et al., conformation, and forms salt bridge interactions with
the conserved Asp232 and Glu233 in the UvsW Walker2001). The former creates the so-called “P” loop that
Figure 4. The UvsW Arginine/Aromatic-Rich Loop
(A) A stereoview showing the conformation of the loop and the distinctive residues within the loop.
(B) A comparison of the orientations of the loop in molecules A (red) and B (blue) of the crystal asymmetric unit. The two spheres mark the
locations of the conserved glycine residues that flank the loop. In this view, the bound dsDNA substrate would be directly below the loop.
The figures were produced using MOLSCRIPT (Kraulis, 1991) and rendered with RASTER3D (Merritt and Bacon, 1997).
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that provide specificity for the particular nucleic acid
structure on which the helicase operates (Bird et al.,
1998). As described earlier, the mechanism of the motor
domains is quite well understood, and it is the substrate
binding region that has the real biological and functional
significance. A clear example of this is found in the RecG
structure in which the bulk of the molecule is concerned
with recognizing and unwinding the stalled replication
fork substrate (Singleton et al., 2001). Thus, although
we would obviously prefer to have the complete struc-
ture, our large fragment does contain the region that
can provide the most insights into the function of UvsW.
Features of the MotCF-like / N-terminal domain are
consistent with a role in binding double-stranded nu-
cleic acid, the preferred substrate of SF2 helicases. Spe-
cifically, we have proposed a model for how MotCF
binds double-stranded nucleic acid via its  sheet (Li et
al., 2002), and the corresponding  sheet in the UvsW
domain is exposed and appropriately oriented to bind
Figure 5. Model of Full-Length UvsW with Bound Nucleic Acid such a substrate in an equivalent manner (Figure 5).
Shown is the crystal structure of UvsWNF (orange/gold and blue/ The surface of the  sheet is also populated with the
green) together with the C-terminal RecA-like domain from NS3
appropriate types of nucleic acid binding residues in-(gray) and the NS3 single-stranded NS3 DNA (magenta). The four
cluding arginines 14 and 58, lysines 4 and 78, histidinesconserved threonine residues within and adjacent to the helical
motif Ia (residues 166, 167, 211, and 214) that are proposed to 6 and 8, phenylalanine 7, and tryptophan 80.
interact with the phosphate groups of translocating nucleic acid are The Arginine/Aromatic-Rich Loop
shown. In this model, the arginine/aromatic-rich loop on UvsW is It can be seen from Figure 5 that this loop is positioned
appropriately positioned to interact with the bound dsDNA substrate
above the putative bound nucleic acid, and could readilywhose suggested path is indicated by the pink dashed line. The
fold down to make contact. Structural features of themodel was generated by superimposing the equivalent N-terminal
RecA-like domains of NS3 and UvsW. The figure was produced loop would facilitate this movement. Thus, it is only
using MOLSCRIPT (Kraulis, 1991) and rendered with RASTER3D connected to the body of the molecule by a ribbon, and
(Merritt and Bacon, 1997). it contains two absolutely conserved glycine residues
(glycines 35 and 49) that probably represent the pivot
points of the motion. This movement of the loop is con-B (DECH) motif (Figure 6). In other helicase structures
sistent with its two different orientations within the twosuch as NS3, a sulfate ion often occupies the  phos-
molecules of the asymmetric unit as shown in Figurephate binding site the in the P loop. In our mutant struc-
4B. A similar role has been suggested for an equivalentture, the guanadinium group of Arg141 is occupying the
loop region in the UvrB helicase although it is locatedMg2 binding site. The reason why this mutation makes
on the opposite side of the DNA with respect to theUvsW more soluble is not clear, but it may be related
loop in UvsW (Theis et al., 1999). Stacking interactionsto the conformational locking of the P loop that induces a
between aromatic side chains and bases is a commontighter interaction between the two RecA-like domains.
feature of protein-nucleic acid complexes, and theyThe N-Terminal Domain
have been observed in several helicase complexesAlthough the monomeric helicases have been shown to
where they appear to act as clamps or regulators duringhave widely differing structures, they do have a common
the translocating process (Kim et al., 1998; Velankar etoverall architecture that consists of the paired RecA-
like motor domains linked to one or more other domains al., 1999).
Figure 6. A Close-Up of the K141R Mutation
in the ATP Binding Region of UvsWNF
In the point mutant, the guanadinium group
of Arg141 within the Walker A motif enters
the P loop directly at the “DECH” helicase
(Walker B) motif, and forms salt bridge inter-
actions (black dotted lines) with Asp232 and
Glu233 that normally coordinate a Mg2 ion.
The guanadinium group also makes hydro-
gen-bonding interactions (red dotted lines)
with a main chain carbonyl oxygen. The figure
was produced using MOLSCRIPT (Kraulis,
1991) and rendered with RASTER3D (Merritt
and Bacon, 1997).
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Discussion UvsW and RecG
Interestingly, UvsW can provide at least some of the in
vivo functions of the RecG helicase when expressed inThe Role of UvsW in Bacteriophage T4
E. coli, strongly suggesting that UvsW is a functionalThe structure of the UvsW helicase is timely due to
homolog of RecG (Carles-Kinch et al., 1997). In E. coli,recent interest in this important class of molecules. Heli-
RecG plays a critical role in rescuing stalled replicationcases are ubiquitous and essential enzymes that oper-
forks and can also branch migrate Holliday junctionsate in many DNA metabolic scenarios to unwind and/or
(McGlynn et al., 2000; McGlynn and Lloyd, 2001). Al-translocate duplex nucleic acids (Hall and Matson,
though RecG and UvsW are both SF2 helicases and1999). During the past 5 years, a number of crystal struc-
appear to have functional overlap, they share no obvioustures of helicases have been determined, mostly from
sequence homology outside of their common helicasethe nonhexameric SF1 and SF2 classes, that have pro-
superfamily motifs. The structure of a complex of RecGvided insights into how these enzymes function (Subra-
with a branched DNA has been determined (Singletonmanya et al., 1996; Korolev et al., 1997; Kim et al., 1998;
et al., 2001), and there is indeed no structural homologyTheis et al., 1999; Velankar et al., 1999; Caruthers et al.,
with UvsW outside the two RecA-like motor domains.2000; Singleton et al., 2001; Story et al., 2001). A number
We conclude that two different mechanisms operate inof the helicase structures have been determined in com-
UvsW and RecG to mediate the recognition of branchedplex with ADP (and ATP analogs) and ssDNA, and these
nucleic acid substrates.costructures support an “inchworm” model for the unidi-
rectional movement of ssDNA through the molecule
based on a ratchet-like mechanism driven by ATP hydro-
The UvsW Substratelysis (Kim et al., 1998; Velankar et al., 1999; Singleton
In most of the previously analyzed helicase structures,et al., 2001). Our proposal for how the UvsW helicase
there are significant additional domains that appear tointeracts with ssDNA substrate (Figure 5) is entirely con-
provide substrate specificity, in some cases for branchedsistent with the inchworm model. However, our real in-
nucleic acid substrates. This is particularly clear in theterest in the UvsW structure comes from understanding
PcrA and RecG structures in complex with substrate-its biological role and from the insights it provides into
like DNA molecules (Singleton et al., 2001; Velankar etDNA metabolic mechanisms.
al., 1999). Outside of the core helicase structure, UvsWTwo distinct roles for UvsW have been identified. The
contains only the small N-terminal domain and an argi-first is in recombinational repair of DNA damage and
nine/aromatic-rich loop. These two elements are likelyprobably RDR, both of which require UvsX and UvsY.
involved in substrate recognition. The  sheet surfaceThe structural and functional homology between the E.
of the N-terminal UvsW domain corresponds to the puta-coli RecA protein and UvsX, and the close cooperation
tive DNA binding region of the homologous MotA tran-between UvsX and UvsY in the strand invasion reaction
scription factor (Li et al., 2002), and it is highly basichas been known for some time (Hashimoto and Yone-
and available for binding nucleic acid. It has been noted
saki, 1991; Beernink and Morrical, 1998). Data from our
that SF2 helicases show a preference for dsDNA sub-
laboratory suggest that UvsW facilitates the UvsX/UvsY-
strates, and this has been directly demonstrated for
directed recombination reaction. Thus, a plasmid-based
RecG (Whitby and Lloyd, 1998). Thus, the MotCF-like
assay of double-strand break (DSB) repair in vivo N-terminal domain of UvsW is expected to bind dsDNA.
showed much less product in the absence of UvsW In the model shown in Figure 5, the actual translocating
(Carles-Kinch et al., 1997). Since UvsW can unwind nucleic acid molecule may well be a dsDNA traversing
branched DNA substrates in vitro (Carles-Kinch et al., the two RecA-like domains and then curving up to inter-
1997), the protein may drive branch migration during act with the exposed  sheet of the N-terminal domain.
the strand-invasion reaction, or alternatively, may be Figure 7 shows a close-up of the putative dsDNA
important for resolving the branched product of the binding region and a representation of the associated
strand-invasion step. surface electropotential. The three clusters of putative
The second role of the UvsW helicase is in the switch DNA binding residues, at the helicase Ia motif, on the
from origin-dependent to recombination-dependent exposed surface of the MotA-like  sheet and within
replication during the T4 infection cycle. Mutations in the arginine/aromatic-rich loop, are ideally located to
the recombinational genes uvsX or uvsY severely com- interact with the nucleic acid substrate. There is also
promise late replication, but a second mutation in the ample space in this region of the UvsW molecule for
uvsW gene can rescue this defect (Yonesaki and Mina- binding dsDNA, and four conserved polar residues on
gawa, 1987). It was proposed that UvsW unwinds R the exposed surface of the central helix 7B are particu-
loops as they are formed at late times in wild-type infec- larly well placed to mediate the interaction. As regards
tions, and thereby prevents them from acting as replica- the surface potential, the entire surface is highly electro-
tion initiation sites (Carles-Kinch et al., 1997). Mutational positive as would be expected.
inactivation of UvsW allows origin initiation to continue Although UvsW has two apparently different roles in
after late gene expression has begun (Dudas and Kreu- T4 DNA metabolism, branch migration and the removal
zer, 2001). Consistent with this proposal, purified UvsW of R loops, both roles are consistent with the helicase
protein unwinds R loops in vitro (Dudas and Kreuzer, acting on a branched nucleic acid substrate. This also
2001). In addition, inappropriate early expression of explains how UvsW can, at least partially, substitute for
UvsW blocks genomic replication from T4 origins, pre- RecG activity in E. coli. However, RecG is a much larger
molecule and requires a number of additional domainssumably by preventing R loop formation.
Structure of UvsW
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Figure 7. The Substrate Binding Region of UvsWNF
(A) Four groups of amino acids are proposed to interact with the dsDNA substrate whose suggested path is indicated by the pink dashed
line. Group 1 is adjacent to the helical motif Ia, and the component residues are positioned to interact with the translocating sugar-phosphate
backbone (indicated by the magenta NS3 DNA; see Figure 5). Group 2 are mainly conserved serine residues on helix 7B (see Figure 2).
Group 3 residues mainly populate the exposed  sheet surface of the N-terminal, MotA-like domain. Group 4 residues are located in the
arginine/aromatic-rich loop. The figure was produced using MOLSCRIPT (Kraulis, 1991) and rendered with RASTER3D (Merritt and Bacon,
1997).
(B) The electropotential surface corresponding to Figure 7A. Note that the surface is highly electropositive (blue). The extreme ranges of red
(negative) and blue (positive) represent electrostatic potentials of 12 to 12 kbT, where kb is the Boltzmann constant and T is the
temperature. The figure was calculated using the GRASP program (Nicholls et al., 1991).
to recognize and bind its branched substrate. It is not As already mentioned, UvsW is implicated in T4 re-
combinational repair and RDR, and thus likely plays aobvious how the much smaller UvsW helicase can
achieve such an interaction. It is possible that the bulky role in the recombinational rescue of broken or stalled
replication forks. Such a role is strongly indicated byarginine/aromatic-rich loop plays a key role in the inter-
action, and it may have a similar function to the “wedge” the fact that UvsW mutants are hypersensitive to hy-
droxyurea, which inhibits DNA replication (Hamlett anddomain that is present in RecG (Singleton et al., 2001).
Another possibility is that UvsW interacts with a second Berger, 1975). Furthermore, UvsW can provide at least
some of the in vivo functions of the RecG helicaseprotein to provide additional specificity. Interestingly,
we detected a sequence error in the T4 genome data- (Carles-Kinch et al., 1997) that has been implicated in
the regression of stalled forks prior to fork restartbase which incorrectly predicted that UvsW is a 65 kDa
protein. In the corrected sequence, the reading frame (McGlynn and Lloyd, 2000, 2001; McGlynn et al., 2001).
Helicases are likely to function generally in the pro-for the 55 kDa UvsW protein is followed by a second
open reading frame, now called uvsW.1, that encodes cessing of stalled forks, and important relationships are
now emerging between helicase malfunction, genomea putative 8.8 kDa acidic protein. A search of the five
characterized T4-like genomes reveals that uvsW.1 is instability, and cancer. For example, the human gene
BLM encodes the Bloom’s helicase that is thought toboth present and highly conserved (http://phage.bioc.
tulane.edu/), consistent with UvsW.1 having an impor- play a key role in replication fork stalling/restart (Karow
et al., 2000). Mutations in the BLM gene result in Bloom’stant role. One scenario that we are currently investigat-
ing is that UvsW.1 associates with the relatively small syndrome in which patients are predisposed to genome
instability and cancer. Further study of helicases inUvsW helicase to create a heterodimeric helicase and
impart necessary substrate specificity. model organisms, such as the T4 UvsW protein, can
thereby provide insight into general aspects of genome
stability.
UvsW and Replication Fork Rescue
The use of RDR mechanisms to initiate the bulk of repli-
Experimental Procedures
cation is a distinguishing feature of phage T4. However,
it is now clear that RDR operates in all organisms and Expression and Purification
An N-terminal fragment of the UvsW K141R mutant comprising resi-has a particularly crucial role in two situations, repair of
dues 1–282 (UvsWNF-141) was subcloned using PCR methods. Thedouble-strand breaks (DSBs) and the rescue of stalled
primers used for the reaction were 5-GGGAATTCCATATGGATATreplication forks. Recent results highlight the serious
TAAAGTACATTTTCACG-3 and 5-CGCGGATCCTTATTTAGAAGTconsequences of stalled replication forks, the frequency
CGTTACTGG-3, and the PCR product contained a 5 NdeI site
of their occurrence, and the multiple pathways for rescu- and a 3 BamHI site that allowed it to be cloned into the pET22a
ing stalled forks (for reviews, see Kuzminov, 1995; Cox expression plasmid (Novagen, Madison, WI). The plasmid was trans-
formed into BL21 DE3 Codon Plus cells (Invitrogen, Carlsbad, CA),et al., 2000; Michel, 2000; McGlynn and Lloyd, 2002).
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Table 1. Data Collection and Phasing Statistics
1 (Peak) 2 (Inflection) 3 (Remote)
 (A˚) 1.0365 1.039 1.056
Resolution (A˚) 2.3 2.3 2.0
Reflections (measured) 605,472 605,821 470,694
Reflections (unique) 30,651 30,688 40,884
Completeness (%) (outer shell) 98 (85) 98 (83) 92 (74)
Rmergea (overall) 0.067 0.061 0.040
I/	 (overall) 12.5 11.1 16.9
Number of gold sites 4.0 4.0 4.0
Phasing powerb 1.92 1.86
Rcullisc 0.621 0.646
Rkrautd 0.0188 0.0165
FOMMADe 0.413 0.386
FOMMAD (overall) 0.676
FOM (sf)f 0.964
a Rmerge 
 |Ii  Im|/ Ii where Ii is the intensity of the measured reflection and Im is the mean intensity of all symmetry-related reflections.
b Phasing power 
 FH/ERMS.
c Rcullis 
 ||FPH  FP|  FH(calc)|/|FPH  FP|.
d Rkraut 
 ||FPH|  |FP  FH(calc)||/|FPH|. FP, FPH, and FH are the protein, derivative, and heavy atom structure factors, respectively, and ERMS is
the residual lack of closure.
e Figure of merit from MAD phasing.
f Figure of merit after solvent flipping.
and UvsWNF-141 was expressed by inducing the cells in mid-log Crystal Screen, Crystal Screen 2, and Peg/Ion Screen kits (Hampton
phase with 1 mM IPTG. Three hours after induction, the cells were Research, Laguna Niguel, CA), and preliminary crystals that dif-
harvested by centrifugation at 5000 rpm, resuspended in buffer A fracted rather poorly were subsequently optimized to produce the
(200 mM NaCl, 20 mM Tris-HCl, pH 7.5, 50 mM KPO4 and 1.0 mM well-diffracting crystals that were used in the structure analysis. The
PMSF), and lysed by sonication. Following centrifugation at 16,000 final optimal crystallization conditions were 10 mg/ml UvsWNF-141
rpm, the clarified supernatant was applied to a 50 ml SP-Sepharose in 25% PEG 3350, 100 mM Tris-HCl (pH 7.5), and 200 mM MgCl2.
column (Amersham, Pharmacia, Piscataway, NJ), and the bound The crystals are in space group P21 with unit cell dimensions a 

UvsWNF-141 eluted at about 350 mM NaCl during a 0.15–1.0 M 42.7 A˚, b
 95 A˚, c 
 86 A˚,  
 95.4, and the unit cell volume was
NaCl gradient. The fractions containing UvsWNF-141 were identified consistent with two molecules of UvsWNF-141 in the asymmetric
by SDS-PAGE, pooled, and dialyzed against buffer A, and then unit. Selenomethionine-substituted UvsWNF-141 failed to yield any
applied to a 50 ml P11 column (Whatman, Clifton, NJ). The bound well-diffracting crystals under any conditions, and we therefore
UvsWNF-141 eluted at about 0.45 M NaCl during a 0.15–1.0 M NaCl screened a variety of heavy atom compounds for the crystallo-
gradient, and the fractions were once again pooled and then dia- graphic analysis. The screen was performed by adding various
lyzed against buffer A. The final purification step was a 50 ml Hepa- heavy atom solutions to a 2 mg/ml UvsWNF-141 protein solution to
rin-Sepharose column, and pure UvsWNF-141 eluted at about 0.5 M produce a final heavy atom concentration of 5 mM, and binding
NaCl during a 0.15–1.0 M NaCl gradient. The pooled fractions were was directly assessed using mass spectrometry (MS) on the protein
dialyzed against buffer B (200 mM NaCl, 10 mM Tris-HCl, pH 7.0), sample. The best candidate was KAu(CN)2, where MS predicted that
and the pure protein was concentrated by ultrafiltration using an three molecules of gold had bound per monomer. A UvsWNF-141
Amicon cell with a 10 kDa cutoff membrane (Millipore Inc., Bedford, crystal was soaked in 5 mM KAu(CN)2 for 24 hr without loss of crystal
MA) to a final concentration of 10 mg/ml. quality, and was used to collect a three-wavelength (peak, inflection,
and low-energy remote) multiwavelength anomalous diffraction
Crystallization and Data Collection (MAD) data set on beamline 22-ID at the Southeast Regional Collab-
Crystallization trials were performed using the vapor diffusion hang- orative Access Team (SER-CAT) at the Advanced Photon Source
ing drop technique at 18C. Initial trials were performed with the (Argonne National Laboratory). Data were collected from a single
flash-frozen KAu(CN)2 crystal cryo protected in a 1:1 volume ratio
of mineral oil and paratone-N. The peak and inflection point wave-Table 2. Structure Refinement Statistics
lengths were directly determined from the mounted crystal, and
Resolution range of data included (A˚) 30.0–2.0 300 of data were collected at each wavelength in 1 steps using
Number of reflections in working set (Rwork) 36,756 30 s exposures. Integration, scaling, and merging of data were per-
Number of reflections in test set (Rtest) 4,128 formed using DENZO and SCALEPACK. Data collection statistics
Number of protein atoms in the asymmetric unit 9,156 are shown in Table 1.
Number of water molecules in the asymmetric unit 254
Rwork (%) 21.8 Structure DeterminationRtest (%) 24.6 All crystallographic procedures including Patterson searches, MADRms deviation from ideal stereochemistry
phasing, map calculations, density modification, simulated anneal-Bond lengths (A˚) 0.0070
ing, and positional/B factor refinement were carried out using theBond angles () 1.34
CNS program suite (Bru¨nger et al., 1998). Four gold sites were con-Dihedrals () 23.45
sistently identified in the asymmetric unit using Patterson searchesImpropers () 0.70
with the three MAD data sets. Although mass spectrometry pre-Mean B factor for monomer A (A˚2) 26.46
dicted that there should be six gold atoms in the asymmetric unit, noMean B factor for monomer B (A˚2) 25.72
further sites were identified during the analysis. A phase calculationRamachandran plot
using these four sites yielded a high-quality experimental electronResidues in most favored region (%) 89.8
density map that was easily interpretable after density modification,Residues in additionally allowed regions (%) 9.6
and this confirmed the presence of two molecules in the asymmetricResidues in generously allowed regions (%) 0.2
unit. An initial polyalanine model of UvsWNF-141 was built usingResidues in disallowed regions (%) 0.4
the O program (Jones et al., 1991), and this was refined at 2.0 A˚
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against the highest quality (low-energy remote) data set. Following migration of Holliday junctions. Proc. Natl. Acad. Sci. USA 97, 6504–
6508.multiple rounds of model building, refinement, and phase combina-
tion, a complete model was built and refined at 2.0 A˚ without NCS Kim, J.L., Morgenstern, K.A., Griffith, J.P., Dwyer, M.D., Thomson,
restraints. Phasing and refinement statistics are shown in Table 2. J.A., Murcko, M.A., Lin, C., and Caron, P.R. (1998). Hepatitis C virus
NS3 RNA helicase domain with a bound oligonucleotide: the crystal
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